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The	 construction	 of	 artificial	 structures	 in	 the	 marine	 environment	 is	 increasing	
	globally.	 Eco-	engineering	 aims	 to	 mitigate	 the	 negative	 ecological	 impacts	 of	 built	

























ecosystems	 (Airoldi	 &	 Beck,	 2007).	 As	 the	 global	 extent	 of	 coastal	
cities	 expands	 and	 sea	 levels	 rise,	 there	will	 be	 greater	 pressure	 to	
use	 coastal	 infrastructure	 to	 protect	 human	 assets	 (Dugan,	 Airoldi,	
Chapman,	Walker,	 &	 Schlacher,	 2011).	 There	 is	 increasing	 concern	
about	the	effect	of	these	artificial	structures	on	the	marine	environ-
ment	 (Airoldi	 et	al.,	 2005;	 Bishop	 et	al.,	 2016;	 Bulleri	 &	 Chapman,	
2010).	 A	 growing	 body	 of	 research	 is	 showing	 that	 these	 artificial	






for	 infrastructure	with	 the	 need	 to	 sustain	 natural	 biodiversity	 and	
ecosystem	 functioning	 is	 a	 current	 and	 future	 challenge	 (Chapman,	
Underwood,	 &	 Browne,	 2017;	 Dafforn	 et	al.,	 2015;	 Firth,	 Knights	
et	al.,	2016).
Planned	 artificial	 reefs	 are	 often	 deployed	 as	 a	 tool	 to	 enhance	
commercial	 fisheries,	 provide	 recreational	 sites	 for	 diving,	 and	miti-
gate	anthropogenic	impacts	to	natural	reefs	(reviewed	in	Baine,	2001;	






of	 fish	 associated	with	 artificial	 structures,	 as	 opposed	 to	 purpose-	
built	reefs,	have	been	shown	to	be	comparable	to	that	in	natural	hab-
itats	 in	 some	 studies	 (Burt,	 Feary,	 Cavalcante,	 Bauman,	 &	Usseglio,	
2013;	Wen,	Pratchett,	 Shao,	Kan,	&	Chan,	 2010),	 but	 not	 in	others	
(e.g.	Able,	Manderson,	&	Studholme,	1998;	Toft,	Cordell,	Simenstad,	









relatively	 recent	 and	 predominantly	 focused	 on	 infrastructure	 de-
signed	to	defend	shorelines	against	erosion	(reviewed	in	Chapman	&	
Underwood,	2011;	Dafforn	et	al.,	2015).	In	general,	artificial	coastal	
defense	 structures	 are	 designed	 from	 an	 engineering	 perspective	
for	the	sole	purpose	of	protection	from	erosion	and	flooding.	Eco-	
engineering	 attempts	 to	 challenge	 this	 tradition	 by	 redesigning	
infrastructure	 to	 be	 multifunctional,	 benefiting	 both	 humans	 and	
nature.	The	aim	of	ecological	enhancement	of	coastal	infrastructure	
has	largely	been	to	increase	the	overall	heterogeneity	of	substrata	
and	 the	 diversity	 of	 benthic	 species	 that	 use	 these	 structures	 as	
habitat	 (for	 reviews	 see,	 Chapman	 &	 Underwood,	 2011;	 Dafforn	
et	al.,	2015;	Firth,	Knights	et	al.,	2016).








marine	 infrastructure	 that	has	more	 topographical	 complexity	and	a	
greater	cover	of	complex	epibiota	than	around	more	simple	structures	
(Clynick,	Chapman,	&	Underwood,	2007;	Rilov	&	Benayahu,	1998).
Sydney	 is	 one	 of	 a	 few	 global	 hotspots	 for	 research	 on	 eco-	
engineering	 (Chapman	&	Underwood,	 2011;	 Strain,	 Olabarria	 et	al.,	
2017).	One	method	 that	was	 trialed	 in	Sydney	 that	was	particularly	
successful	 and	 received	 significant	media	 attention	was	 the	 attach-
ment	 of	 modified	 flower	 pots	 to	 vertical	 seawalls	 with	 the	 aim	 of	
increasing	 diversity	 of	 benthic	 species	 (Browne	 &	 Chapman,	 2011,	





may	 enhance	 fish	 assemblages.	 This	 has	 not,	 however,	 been	 previ-
ously	evaluated	for	structures	such	as	flowerpots	attached	to	walls	in	
	urbanized	harbors.
These	 flowerpots	were	originally	 designed	 and	deployed	 to	 add	
habitat	for	benthic	species	living	on	seawalls,	not	to	change	fish	abun-
dances.	They	may,	however,	have	an	inadvertent	effect	on	fish,	which	




effects	 (i.e.,	 by	 affecting	 higher	 trophic	 levels,	which	 in	 turn	 affects	
the	benthos).	Few	studies	have,	however,	quantified	the	effect	of	eco-	
engineering	marine	 infrastructure	 on	 fish	 (but	 see	Toft	 et	al.,	 2013;	
Sella	&	Perkol-	Finkel,	2015;	Strain,	Morris	et	al.,	2017).	Whilst	the	size	






















at	more	structurally	complex	 reef	habitat	 than	 in	 structurally	 simple	
lagoon	habitats	(Vergés,	Vanderklift,	Doropoulos,	&	Hyndes,	2011).	In	
contrast,	 some	 complex	habitats	may	 increase	predation	 risk,	 and	 a	
negative	relationship	between	complexity	and	fish	abundance	can	be	
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seen	at	some	spatial	scales,	but	not	others	(Rilov,	Figueira,	Lyman,	&	











found	 in	open	water	 adjacent	 to	 structures	 (hereafter	 pelagic)	were	




with	 flowerpots	 than	 at	 control	 seawalls	without	 those	 habitats.	At	
the	 smaller	 scale,	we	 predicted	 that	 (2)	 the	 number	 of	 species	 and	
abundance	of	 different	 trophic	 groups	of	 pelagic	 and	 (3)	 all	 benthic	
fish	would	be	greater	 around	patches	of	 seawall	with	 flowerpots	 in	
comparison	with	adjacent	control	areas	of	the	same	seawall	without	
flowerpots.
2  | MATERIALS AND METHODS





and	 North	 Sydney	 (33.50°S	 151.12°E)	 (Figure	1).	 Concrete	 flower-
pots	(7	L,	315	mm	diameter)	were	fixed	to	the	seawall	with	a	stainless	






















The	 cameras	were	 set	 to	 take	photographs	on	 time	 lapse	 every	
2	s	using	the	GoPro®	 setting	“5	MP,	wide,”	and	recorded	 images	 for	
approximately	3	hr	during	high	 tide.	The	cameras	were	 switched	on	






2.2 | Data collection and analysis
Due	to	 localized	ecological	processes,	 it	 is	highly	 likely	that	samples	
close	 in	 time	 or	 space	 may	 show	 temporal	 or	 spatial	 dependence	





Temporal	 autocorrelation	analysis	was	used	 to	 test	whether	10-	



































of	 the	 fish	assemblage	at	Blackwattle	Bay	and	control	 locations.	An	













The	 abundance	 of	 trophic	 groups	 along	 with	 species	 density	
(defined	as	 the	number	of	 species	per	 sample)	was	analyzed	 to	 test	
the	null	hypothesis	 that	 there	would	be	no	difference	 in	any	of	 the	


























L-	shaped	 brackets	 were	 attached	 to	 the	 seawall	 at	 Blackwattle	
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fixed	 and	 site,	 two	 levels:	 random	 and	 orthogonal).	 Abundance	 of	
benthic	species	was	analyzed	differently	to	pelagic	fish	as	there	were	
fewer	 species	 and	 the	 abundance	 of	 species	was	 small,	with	many	
zeros	 in	 the	 dataset.	 Therefore,	 the	 difference	 between	 flowerpots	
and	controls	was	further	examined	using	χ2	calculations	for	the	total	
number	 of	 individuals	 of	 each	 species	 separately	 (Chapman,	 2012).	
Where	the	expected	value	was	 less	than	5	 in	the	χ2	calculations,	an	

















taxa	were	also	identified;	Acanthopagrus australis,	Centropogon  australis,	
and	one	unidentified	species	of	leatherjacket	(Monocanthidae).
3.1 | Large- scale effects on pelagic fish
There	 were	 no	 significant	 main	 effects	 of	 adding	 flowerpots	 to	
seawalls	 for	 any	 of	 the	 variables	 of	 the	 fish	 assemblage	measured	
(Table	1,	 Figures	3a	 and	 4a–e).	 Species	 density	 varied	 significantly	
through	 time	 from	 site	 to	 site	 in	 the	 control	 locations,	 but	 not	 at	

















BW	vs.	C ns ns ns
Between	C ns ns ns
Site(L),	S(L)
S(BW) ns * ***
S(C) *** ns ns
T	×	L
T	×	BW	vs.	C ns *** ns ** ns *
T	×	Between	C ns ns ns ns ns ns
T	×	S(L)
T	×	S(BW) ns ns *** * * ***
T	×	S(C) * ns *** ns ns ns
(b)	Small	scale
Time,	T ns ns ns ns
Site,	S ns ns ns ns
Treatment,	Tr No	test ns No	test No	test
T	×	S *** *** ** ***
Tr	×	T ns ns ns ns
Tr	×	S ns ns ns ns
Tr	×	T	×	S ns ns *** ns *** ns
*p	<	.05,	**p	<	.01,	***p < .001.














3.2 | Small- scale effects on pelagic fish
Mean	species	density	appeared	to	be	similar	between	flowerpots	and	
seawall	at	most	sampling	times	(Figure	3b).	A	test	was	not,	however,	
possible,	 for	 the	main	 effect	 of	 habitat	 on	 species	 density	 because	
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in	 sites	2	and	1	 in	December	and	February,	 respectively	 (significant	
Tr	×	T	×	S	 interaction,	 Table	1;	 Figure	5b).	 This	 was	 due	 to	 luderick,	
Girella tricuspidata,	and	fanbelly	leatherjacket,	Monacanthus chinensis,	





areas	of	 the	 seawall	without	 flowerpots	 in	 site	1;	 however,	 the	op-
posite	was	 found	 at	 site	 2	 in	 June,	 but	 not	 at	 other	 times	 (signifi-
cant	Tr	×	T	×	S	 interaction,	Table	1;	Figure	5d).	This	result	was	driven	












3.3 | Small- scale effects on benthic fish
When	 benthic	 species	 were	 measured	 using	 downwards	 facing	
cameras,	 there	was	no	 significant	difference	 in	 species	density	of	
benthic	 fish	 (F1,1	=	0.51,	 p	>	.05)	 between	 flowerpot	 and	 control	
treatments.	In	contrast,	the	total	abundance	of	the	rotund	blenny,	
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number	of	 juveniles	was	still	 found	at	 the	flowerpots	 in	comparison	







(Figure	1),	 planktivores	 and	 predators	 tended	 to	 be	more	 abundant	
at	the	seawall	with	flowerpots,	although	this	was	temporally	variable.	
Equally,	 herbivores	were	also	more	abundant	 at	Blackwattle	Bay	at	





benthic	 species	 was	 not	 significantly	 different	 in	 areas	 of	 the	 sea-
wall	with	or	without	flowerpots,	although	there	were	some	species-	
specific	responses.







et	al.,	 2017).	The	use	of	 asymmetrical	 designs	does,	 however,	 allow	
complex	designs	in	which	there	is	only	one	experimental	location	and	
multiple	 control	 locations	 to	 be	 analyzed	 (Underwood,	 1993).	They	
therefore	allowed	effects	of	eco-	engineered	habitats	among	seawalls	
to	be	tested	in	this	study.
Although	we	are	 limited	 in	 the	generalizations	we	can	make	be-
yond	 the	 location	used,	we	have	provided	correlative	evidence	 that	
the	fish	assemblage	at	the	location	with	flowerpots	installed	was	dif-
ferent	 from	the	average	of	 two	control	 locations.	This	was	due	 to	a	







permission	 being	 granted	 to	 install	 the	 flowerpots	 and	 deployment	
to	 collect	 such	data,	which	 is	often	 the	 case	 in	 studies	 that	 require	
collaborations	with	managers	 of	 urban	 infrastructure.	 Nevertheless,	
this	study	is	building	on	the	limited	knowledge	we	have	on	the	effect	
of	habitat	enhancements	on	fish	communities	associated	with	artifi-
cial	 structures	 other	 than	 artificial	 reefs	 in	 the	marine	 environment	
(Munsch,	Cordell,	&	Toft,	2017;	Sella	&	Perkol-	Finkel,	2015;	Toft	et	al.,	
2013).






an	 increase	 in	 the	number	and/or	abundance	of	benthic	species	 liv-
ing	 on	 that	 structure	 (e.g.,	 Browne	 &	 Chapman,	 2014;	 Chapman	 &	
Underwood,	2011;	Firth	et	al.,	2014).	Similarly,	at	a	smaller	spatial	scale	
of	 a	 few	 hundred	 meters,	 previous	 experiments	 showed	 increased	











engineering	project	 in	 the	United	States,	currently	 in	 the	process	of	
being	 built	 (Munsch	 et	al.,	 2017).	 The	 need	 for	 a	 seawall	 upgrade	
Flowerpot Seawall χ2 Binomial
Omobranchus anolius,	Oyster	blenny 15 22 ns
Omobranchus rotundiceps, Rotund	blenny 12 1 *
Parablennius intermedius,	Horned	blenny 2 2 ns
Redigobius macrostoma,	Largemouth	goby 7 8 ns
Bathygobius cocosensis,	Cocos	frillgoby 2 2 ns
Cryptocentroides gobioides,	Oyster	goby 0 1 ns
Enneapterygius atrogulare,	Ringscale	triplefin 2 0 ns
Acanthopagrus australis	juvenile 11 6 ns
Centropogon australis	juvenile 1 1 ns





















more	successful	at	the	seawall	scale	being	 implemented	 in	other	 lo-
cations	(e.g.,	the	United	States).	It	is	difficult	to	predict	whether	there	
would	 be	 a	 different	 response	of	 fish	 to	 a	 seawall	 supporting	100s	
of	meters	 of	 flowerpots.	Managerial	 decisions	 need	 to	 be	made	 on	
existing	evidence	due	to	the	difficulties	of	doing	large,	well-	replicated	













erpots	at	all.	This	complex	 result,	 a	different	 result	at	 the	small	 and	
at	the	large	scale,	supports	research	that	has	shown	the	importance	
of	 assessing	 habitat	 quality	 for	 fish	 assemblages	 at	 multiple	 spatial	
scales	(Harborne,	Mumby,	Kennedy,	&	Ferrari,	2011;	Johnson,	Jenkins,	
Hiddink,	 &	 Hinz,	 2013).	 For	 instance,	 Harborne	 et	al.	 (2011)	 found	
that	 coral-	reef-	associated	 fish	 were	 more	 abundant	 on	 refuge-	rich	
and	taller	corals	at	a	colony	scale,	but	abundance	was	also	positively	
correlated	at	a	comparatively	larger	scale	with	the	number	of	colonies	
within	 an	 area.	 Alternatively,	 as	 previously	 discussed,	 these	 results	
may	or	may	not	be	coincident	with	the	installation	of	the	flowerpots.






could	provide	 food	 for	 herbivorous	 fish.	Where	 eco-	engineering	 in-
creases	 the	 abundance	 of	 predatory	 or	 herbivorous	 fish,	 this	 could	
have	an	effect	on	 the	success	of	 these	habitats	 for	benthic	species.	
Controlled,	 manipulative	 experiments	 are	 needed	 to	 directly	 test	
the	effects	of	 fish	predation	or	herbivory	on	developing	benthic	as-
semblages	 (Anderson	 &	 Connell,	 1999;	 Hixon	 &	 Brostoff,	 1996).	
Conversely	in	areas	where	there	are	large	numbers	of	predatory	fish,	
certain	 eco-	engineered	 features	may	 provide	 a	 refuge	 for	 intertidal	
species	(Strain,	Morris	et	al.,	2017).	Planktivores	have	been	observed	
in	 greater	 numbers	 around	 artificial	 structures	 that	 span	 the	 entire	





Counter	 to	 predictions,	 there	was	 not	 an	 overall	 difference	 in	
the	 number	 of	 benthic	 fish	 species	 in	 areas	 of	 the	 seawall	 with	
flowerpots	 than	without.	 This	was	 predicted	 as	 cryptic	 fish,	 such	
as	 blennioid	 assemblages,	 can	 be	 characterized	 at	 fine	 scales	 by	
topographic	 features	 (Syms,	 1995).	 The	 results	 showed,	 however,	
that	similar	cryptic	fish	were	found	in	areas	of	the	seawall	with	or	
without	flowerpots,	although	the	abundance	of	certain	species	dif-


















































Large	scale NS T NS T NS T
Small	scale NS NS T,Si NS T,Si NS NS NS S NS NS NS NS NS NS NS NS







to	 enhance	 benthic	 intertidal	 species	 living	 on	 seawalls	 could	 have	
knock-	on	effects	on	 fish	assemblages,	and	effects	may	be	greater	 if	
eco-	engineering	 is	performed	on	a	 comparatively	 larger	 scale.	Thus,	
it	 is	 important	 to	 evaluate	 ecosystem-	wide	 effects	 to	 fully	 under-
stand	 the	 consequences	 of	 eco-	engineering.	Notably,	 there	was	 lit-
tle	effect	of	flowerpots	on	the	fish	assemblage	at	the	size	and	spatial	
scale	that	they	were	deployed	here	for	benthic	species.	Successes	of	
eco-	engineering	 are	 more	 prevalent	 in	 the	 literature,	 but	 arguably	
more	 can	 be	 learnt	 from	what	 does	 not	work	 (Firth,	 Browne	 et	al.,	
2016).	Eco-	engineering	 is	 growing,	 and	many	decisions	 and	a	 lot	of	




be	used	 to	support	viable	populations	of	 fish	 is	 still	 a	question	 that	
	remains.	Further	studies	to	provide	a	link	between	the	different	abiotic	
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